Mapping the structural and functional brain connectivity fingerprints became an essential approach in neurology and experimental neuroscience because network properties can underlie behavioral phenotypes. In mouse models, revealing strain related patterns of brain wiring have a tremendous importance, since these animals are used to answer questions related to neurological or neuropsychiatric disorders. C57BL/6 and BALB/cJ inbred strains are primary "genetic backgrounds" for brain disease modelling and for testing therapeutic approaches. Nevertheless, extensive literature describes basal differences in the behavioral, neuroanatomical and neurochemical profiles of the two strains, which raises the question whether the observed effects are pathology specific or depend on the genetic background. Here we performed a systematic comparative exploration of brain structure and function of C57BL/6 and BALB/cJ mice via Magnetic Resonance Imaging (MRI). We combined voxel-based morphometry (VBM), diffusion MRI and high resolution fiber mapping (hrFM) and resting state functional MRI (rs-fMRI) and depicted brain-wide dissimilarities in the morphology and "connectome" features in the two strains. Particularly C57BL/6 animals show bigger and denser frontal cortical areas, corticostriatal tracts and thalamic and midbrain pathways, and higher density of fibers in the genu and splenium of the corpus callosum. These features are fairly reflected in the functional connectograms that emphasize differences in "hubness", frontal cortical and basal forbrain connectivity. We demonstrate strongly divergent rewardaversion circuitry patterns and some variations of the default mode network features. Inter-hemispherical functional connectivity showed flexibility and adjustment regarding the structural patterns in a strain specific manner. We further provide high-resolution tractograms illustrating also inter-individual variability across inter-hemispherical callosal pathways in the BALB/cJ strain.
Introduction
Animal models of disease -essential for neuroscience research, are gaining huge importance in the recent years with the development of genetically modified mice and novel methods to investigate brain function. However, the diversity in the genetic background of the organisms used for modelling pathology raises questions of the impact of genetic confound on findings (Crawley et al., 1997; Keane et al., 2011) . Indeed, each strain of mice display distinct sets of behavioral, neurochemical and neuroanatomical features (Grubb et al., 2004) . Among these strains, C57BL/6 and BALB/cJ the commonly used inbred mouse strains, are prime examples of such divergent phenotypes (Anderzhanova et al., 2013; Belzung and Griebel, 2001; Calcagno et al., 2007) .
At behavioral level, BALB/cJ strain displays neophobia (i.e. reluctance to engage with novel stimuli) and elevated anxiety (Anderzhanova et al., 2013; Ohl et al., 2001) , in contrast to C57BL/6 mice. At young ages, social proximity is not rewarding for BALB/cJ mice (Panksepp and Lahvis, 2007) and they typically show reduced sociability towards conspecifics (Brodkin, 2007; Brodkin et al., 2004; Jacome et al., 2011; Moy et al., 2007; Sankoorikal et al., 2006) . Such differences in social behavior are accompanied by differences in early maternal care (Lassi and Tucci, 2017) as BALB/cJ mice present a weaker maternal attachment to offspring compared to C57BL/6 mice. To divulge the underlying mechanisms of different behavioral phenotypes in C57BL/6 and BALB/cJ mice, neurochemical and neuroanatomical studies are indeed necessary (Belzung and Griebel, 2001) . For instance, it has been previously demonstrated that serotonergic and dopaminergic neurotransmitter systems show strain-dependent variations in the brain (Calcagno et al., 2007; Guzzetti et al., 2008) . At anatomical and microstructural level, longitudinal in-vivo diffusion tensor imaging (DTI) (Le Bihan, 2014; Le Bihan and Breton, 1985) of BALB/cJ and C57BL/6J mouse brains (Kumar et al., 2012) showed as well differences in developmental trajectories along major white matter (WM) tracts, such as the corpus callosum, as well as of gray matter (GM) regions including thalamic areas and frontal motor cortices.
Besides inter-strain differences, within strain inter-individual variations were also reported, especially concerning the BALB/cJ animals. Neuroanatomical studies using histological methods revealed variability of the size -even complete absenceof the corpus callosum (cc) in BALB/cJ mice (Wahlsten, 1974) . The size of this structure (Fairless et al., 2008) and whole brain size were correlated with social measures in 30-day-old BALB/cJ mice. In addition to histology, anatomical magnetic resonance imaging (MRI) and DTI of the brainevaluating morphology and microstructural features Kumar et al., 2012 )-further revealed associations between sociability and DTI derived parameters in several brain regions ) -including gray matter -of BALB/cJ male mice. For instance, positive regression between fractional anisotropy (FA), an index of water diffusion orientation and indirectly of tissue organization, and social sniffing times was found in regions located in thalamic nuclei, zona incerta, substantia nigra, visual/orbital/ somatosensory cortices and entorhinal cortex of BALB/cJ strain (Kumar et al., 2012) .
In clinics, alterations in the corpus callosum region has also been detected in subgroups of autism spectrum disorders (ASD) patients (Alexander et al., 2007; Just et al., 2006) . Indeed, behavioral phenotype of BALB/cJ mice also share similarities with certain aspects of ASD, namely the low sociability, higher anxiety and aggression (Brodkin, 2007; Liska and Gozzi, 2016) . Such behavioral phenotypes might stem from the underlying architecture of neural circuitries and established patterns of brain communication. Therefore, mapping the brain connectivity blueprints is an essential field of study in neurology and experimental neuroscience.
A detailed non-invasive insight into the whole brain axonal connectivity in vivo has become possible with the development of diffusion based tractography (Horsfield and Jones, 2002) and high-resolution fiber mapping (hrFM) (Calamante et al., 2011; Harsan et al., 2013) . In mice, non-invasive DTI based fiber mapping revealed the spatial organization of axonal and dendritic networks in brain WM regions, in good agreement with the spatial projection patterns visualized using viral axonal tracer data (Wu and Zhang, 2016) .
Meanwhile, the functional brain communication or connectivity (FC) can be deciphered non-invasively via resting-state functional MRI (rs-fMRI) (Biswal et al., 1995; Chuang and Nasrallah, 2017) .
In mouse models, deciphering strain-related patterns in the brain structural and functional connectivity or intra-strain variations of the brain wiring schemes have a tremendous importance, since these animals are used to answer questions relating to human neurological or neuropsychiatric disorders. In this context, the principal goal of our study was to bridge this gap by systematically probing the brain connectivity patterns of two mouse strains extensively used in preclinical neuroscience, including brain connectivity studies: C57BL/6N and BALB/cJ Grubb et al., 2004; Hübner et al., 2017; Liska et al., 2015; Mechling et al., 2016; Shah et al., 2016a) . We thus performed comparative MRI exploration of brain structure and function via a combination of brain voxel-based morphometry (VBM), DTI and high resolution fiber mapping (hrFM) and resting state functional MRI (rs-fMRI) in female animals.
Materials and Methods

Ethics statement
All procedures were conducted in compliance with the European Directive 2010/63/EU on the protection of animals used for scientific purposes, national guidelines of the German animal protective law for the use of laboratory animals and with permission of the responsible local authorities for the University Medical Center Freiburg (Regierungspräsidium Freiburg, permit numbers: G-08/15).
Animal setup
8-9 weeks old female C57BL/6N (n=11) and BALB/cJ (n=14) mice, purchased from Charles River Laboratories (Sulzfeld, Germany) were used for the MRI experiments. Animals were housed under standard animal room conditions (temperature 21°C, humidity 55-60%, food and water were given ad libitum).
For the rs-fMRI scans, the animals were initially anesthetized moderately using a subcutaneous (s.c.) medetomidine (MD, Domitor, Pfizer, Karlsruhe, Germany) bolus injection of 0.3 mg per kg body weight in 100 μl 0.9% sodium chloride solution. Preparation for the imaging session included the placement of the animal into the adapted imaging bed, stereotactic fixation of the head and attachment of physiological monitoring devices (pulse oximeter clipped to the hind paw, rectal temperature probe and pressure sensitive respiration pad placed underneath the abdomen). 15 minutes after the MD bolus injection, a continuous s.c.
MD infusion of 0.6 mg per kg body weight in 200 μl per hour was applied to the animals throughout the rs-fMRI exams. Animals were monitored strictly for optimal physiological conditions (spO2: 97-99%, body temperature: 35.5±1.5°C, respiratory rates: 100-130 breaths/min). For the morphological T2-weighted and diffusion MRI acquisitions, anesthesia was switched to 1.5% isoflurane (Forene; Abbvie Deutschland GmbH & Co. KG, Wiesbaden, Germany) in 1.2 l/min oxygen and respiratory gating was performed. At the end of experiments the mice spontaneously recovered.
Data acquisition
All scans were performed using a 7T small bore animal scanner (Biospec 70/20, Bruker, Ettlingen, Germany), a cryogenically cooled quadrature mouse brain resonator (MRI CryoProbe, Bruker, Ettlingen, Germany) and the ParaVision software version 5.1 (Bruker, Ettlingen, Germany).
Resting-state fMRI data was acquired with T2*-weighted single shot Gradient Echo-echo planar imaging (GE-EPI) sequence using an echo time (TE) of 10 ms and repetition time (TR) of 1700 ms. 12 axial slices of 0.7 mm thickness were positioned on the mouse brain excluding olfactory bulb and cerebellum, field of view (FOV) and acquisition matrix were 19 × 12 mm 2 and 128 × 80, respectively. A resolution of 0.15 × 0.15 × 0.7 mm 3 was achieved and 200 volumes were recorded in an interlaced fashion for each run.
High resolution T2-weighted anatomical images (resolution of 0.051 × 0.051 × 0.3 mm 3 ) were acquired with a RARE sequence using the following parameters: TE/TR = 50 ms/6514 ms; 48 slices, 0.3 mm slice thickness, interlaced sampling, RARE factor of 4, 2 averages; an acquisition matrix of 256 × 196 and FOV of 1.3×1 cm 2 .
Structural connectivity was investigated based on DTI data. Acquisitions were carried-out using a 4-shot DT-EPI sequence (TE/TR = 26 ms / 7750 ms; gradient duration (δ) = 4 ms and gradient separation (Δ) = 14 ms), with diffusion gradients applied along 30 nonlinear directions (Jones, 2004 ) and a b-factor of 1000 s/mm 2 . 25 axial slices with 0.5 mm thickness were acquired with a FOV of 1.5 x 1.2 cm² and an acquisition matrix of 160 x 128 resulting in an image resolution of 0.094 x 0.094 x 0.5 mm 3 .
Data processing
Anatomical MRI analysis
T2-weighted images were compared across groups using a VBM framework.
First, each image was corrected for bias field inhomogeneity using N4ITK (Tustison et al., 2010) . Then, all images were jointly registered in a deformable way using the group-wise registration procedure implemented in the ANTs registration toolbox (http://stnava.github.io/ANTs/) (Avants et al., 2011) . Jacobian maps were computed for each estimated deformation field and a logarithmic transformation was applied on them so that dilation (i.e. jacobian greater than one) and contraction (i.e. jacobian between 0 and 1) are mapped on [0; +∞ [and]-∞; 0], respectively. These maps were finally smoothed using a Gaussian kernel (FWHM: 0.2 mm). Intergroup comparisons were conducted at the voxel level using the general linear model implemented in SPM12 (http://www.fil.ion.ucl.ac.uk/spm/). Statistical maps were thresholded at P< 0.05 after false discovery rate (FDR) p-value correction. Results were superimposed on the average morphological image built from the group-wise registration procedure.
Diffusion Tensor MRI data analysis and high-resolution fiber mapping (hrFM)
Post-processing of the diffusion data was performed using an in-house developed DTI and FiberTool software package for SPM (Harsan et al., 2013; Reisert et al., 2011) . Diffusion based parameter maps were generated, including FA, mean diffusivity (MD), radial (RD) and axial diffusivities (AD). We further performed diffusion tractography using a global fiber tracking algorithm (Harsan et al., 2013; Reisert et al., 2011) . With this family of tractography algorithms, the reconstructed fibers are built with small line segments (particle) described by a spatial position and orientation. These segments are the basic building blocks of a fiber model, bounding together to form the individual fibers. Their orientation and number are adjusted simultaneously and the connections between segments are formed based on a probabilistic procedure (Reisert et al., 2011) . To generate fiber density (FD) maps, the number of tracts in each element of a grid was calculated from whole-mouse brain fibers in a manner very similar to previously published methodology (Calamante et al., 2011; Harsan et al., 2013) . Further, the method used the continuity information contained in the fibers reconstructed during the global tracking procedure, to introduce sub-voxel information based on supporting information from neighboring voxels. After the generation of sufficient number of fibers passing a voxel at different spatial locations, their density was used as intravoxel information to construct highly resolved spatial histograms of diffusion orientations referred to as hrFM (Video S1).
The directionality of the fibers was therefore incorporated into the hrFM by assigning red/green/blue color to different spatial directions: red: mediolateral, green: dorsoventral and blue: rostro-caudal orientation. The grid size was tailored to generate maps of 12 x 12 x 50 µm 3 of resolution, 8 times the resolution of the acquired data. hrFM allowed individual assessment of the connectivity features, highlighting fine details of the structural brain scaffolding (Video S1).
Diffusion MRI parametric maps were also compared across groups using a voxel-based analysis. The FA and FD maps were jointly registered using the multimodal group-wise registration procedure implemented in the ANTs registration toolbox (Avants et al., 2011) . The analysis was then conducted using the voxel-based quantification (VBQ) method (Draganski et al., 2011) which implements a combined weighting/smoothing procedure, avoiding parameter value changes by Gaussian smoothing applied in standardized space. Furthermore, we conducted voxel-wise analysis on FD maps modulated by Jacobian values -in a similar way to the modulated grey matter probability map used in VBM (Good et al., 2001 )-in order to quantify the amount of fibers in the standardized space which accurately reflects that of the native space. A Gaussian kernel with a FWHM of 0.5 mm was applied here. Intergroup comparisons were conducted at the voxel level using the general linear model in SPM12. Statistical maps were thresholded at P< 0.05 after false discovery rate (FDR) p-value correction. Results showing higher statistical values for each group were superimposed on the average FD or FA images built from the corresponding group images.
Resting-state fMRI analysis
Each of the resting-state fMRI image volumes were first realigned on the corresponding first scan, using a least square approach and a 6-parameter rigid body transformation in space. The rs-fMRI data was next registered to a morphological template created from individual T2*-weighted scans with ANTs software using deformable SyN algorithm (Avants et al., 2011) . Spatially normalized images were smoothed using a Gaussian kernel with FWHM of 0.3×0.3×0.7 mm 3 on SPM8 and a zero-phase band-pass filter was applied to extract frequencies between 0.01-0.1 Hz, representatives of the low rs-fMRI Blood Oxygen Level Dependent (BOLD) signal.
The signal from ventricles was regressed out using a least square approach in order to reduce non-neural correlations from the cerebrospinal fluid.
Several analysis approaches were applied on this data as following:
Graph theory-based analysis of functional connectivity:
To evaluate direct correlations between spatially separated regions of interest (ROIs), Partial Correlation (PC) analysis was performed (Hübner et al., 2017) between the mean time courses of the BOLD rs-fMRI signal of the included ROIS. 37
ROIs covering the major mouse brain cortical and subcortical areas were extracted from the Allen Mouse Brain Atlas (AMBA) (2011 Allen Institute for Brain Science, Allen Mouse Brain Atlas available from http://mouse.brain-map.org/static/atlas) (Lein et al., 2007) and registered on morphological template using an in-house built MATLAB tool.
The following analysis steps were carried out:
i.
Groups specific average FC matrices of 37x37 ROIs (corresponding to each experimental group: C57BL/6N and BALB/cJ mice) were generated and the matrices were arranged according to the most similar pattern of connectivity across ROIs. The matrices were Fisher transformed to obtain the z scores associated to the connection strength -the edges -between pairs of ROIs. A one-sample t-test (p<0.05, FDR corrected) was applied to identify the statistically significant pairs of connections (edges). The resulting significant FC matrices were used to as inputs for graph theory measures. For each group, the most influent nodes of the network were identified using as parameters the weighted hubness (presented as the size of the node in the graph) and the Stouffer coefficients (color coded).
ii. Direct intergroup (C57BL/6N vs. BALB/cJ) statistical comparison of connectivity matrices (P<0.05, uncorrected) was performed to identify the most different "nodes" and "edges". A group comparison matrix (GCM) was generated and graphically represented (e.g. Figure 4G ) with a color-scale, displaying statistically significant inter-group differences of connectivity. A method to identify most different network nodes among the FC matrices of the two strains was implemented. The following information was taken in account for ranking the most different nodes: the number of significantly changed connections for each node, the strength of the connection difference between pair of nodes and the number of statistically different connections of the neighboring nodes. This information is graphically represented in the GCM in relationship with the node's size and ranked in Figure 4H . Additionally, the group comparison matrix was used for calculating the Stouffer coefficients (Stouffer et al., 1949) for each node. A single p-value was computed for each region based on the combination of the p-values derived from the statistical tests made on the correlations with all other regions. The results were color-coded for most significantly different nodes (e.g. nodes color in the Figure 4B , E, G).
Seed-based functional connectivity analysis was further performed with a MATLAB tool developed in-house. Several ROIs (extracted from AMBA) were selected for this analysis based on the DTI and VBM results, as well as based on the previously published reports (Anderzhanova et al., 2013; Fairless et al., 2012; Kumar et al., 2012; Ohl et al., 2001, p. 6; Sankoorikal et al., 2006; Wahlsten, 1974) on the behavior of C57BL/6N and BALB/cJ mice. These ROIs were:
i. Right and left somatosensory cortex (SSr and SSl) and right and left motor cortex (MOr and MOl). These ROIs were used to check the inter-hemispherical connectivity.
ii. Anterior cingulate area (ACA) and retrosplenial cortex (RSP), to derive information about the default mode patterns in the two mouse strains. c) Key players of the known reward aversion circuitry: accumbens nuclei (ACB), hippocampus (hc).
Partial correlation coefficients (Spearman correlation) were computed between the mean rs-fMRI time course of each ROI and the time courses from each voxel of the brain while excluding the effect of all the remaining voxels. Functional connectivity maps for each ROI were constructed at the individual level and also at the group level. Voxel-wise group based statistical analysis was performed using a two-sample t-test via SPM8 and the statistical results were cluster corrected at the P<0.05, FDR cluster corrected.
Directional connectivity analysis (DCA):
To probe dominant asymmetric information flow alterations within small network, population level directionality analysis using MVGC toolbox was performed (Barnett and Seth, 2014) . A small network was constructed via selection of six regions of interest that showed structural/function strain differences in previous analysis: nucleus accumbens (ACB), anterior cingulate area (ACA), amygdala (AMY), caudate-putamen (CP), hippocampus (hc) and ventral tegmental area (VTA) (Figure   9 A). Briefly, the pre-processed resting state functional data was deconvolved (Wu et al., 2013) and pairwise unconditional Granger causality (completely data driven approach) (Barnett and Seth, 2014; Roebroeck et al., 2005) was carried-out on all possible seed pairs included in the constructed network, for each subject. Akaike information criterion (AIC) was engaged to find the best stable model order.
Statistical analysis was implemented following t-test with multiple hypothesis testing (FDR correction, P<0.05).
Results
DTI reveals strain differences in structural connectivity
Diffusion tensor imaging data obtained from the BALB/cJ and C57BL/6N cohorts were used for global mouse brain fiber tracking, generation of hrFM as well as mapping of FA, RA, AD and trace values. These maps were assessed at individual and group levels. hrFM, displaying color-coded fiber orientations, were used as a first step to explore the whole brain structural connectome. Figure 1 presents exemplary hrFMs, representative for each strain (Fig.1 -A for BALB/cJ strain and B
for C57BL/6N strain). These maps are highlighting the variability of interhemispherical connectivity through corpus callosum (cc) within the BALB/cJ strain ( Fig.1-A) . Certain individuals from BALB/cJ group had visibly shorter cc; the variability along this major inter-hemispherical pathway is clearly identified at different callosal levels; namely the genu (gcc), body or middle part (mcc), and splenium (scc) parts (see Fig.1 and Video 1). C57BL/6N strain, in contrast, showed more homogenous and well-defined structure of this region ( Fig.1-B ).
To further assess the inter-strain differences, group-specific mean FD maps were generated (Supplementary Figure 1-A 3.2 Inter-strain regional volumetric differences uncovered by VBM Figure 3 shows statistically significant brain volume differences in-between strains. C57BL/6N mice had significantly bigger (p<0.05, FDR corrected; Fig. 3 
Functional connectivity patterns in C57BL/6N and BALB/cJ mice
To complete the picture of the brain connectome in the two investigated strains we further mapped the large-scale FC patterns via rs-fMRI, to determine whether different brain structural architectures are accompanied by functional discrepancies.
Global FC features of C57BL/6N and BALB/6J brains
We applied graph network analysis at group level and mapped the topological organization of the FC, by modeling the 3737 ROI PC matrices (Fig. 4-A and D). The nodes were defined by the 37 ROIs extracted from AMBA, covering major cortical and subcortical brain areas. The selection of nodes was also guided by the structural results. For instance, certain nuclei, such as EP were included because differences in this area were observed in the voxel-wise FA analysis. Prominent interstrain differences were obtained in the "hubness" characteristics ( Fig. 4-B , C vs. E, F).
In the C57BL/6N group a dominance of basal forebrain subcortical areas was revealed ( Fig. 4 -C -blue labels), encompassing the major limbic centers modulating reward (ACB, CP, ventral pallidum -PALv), stress and anxiety (bed nuclei of stria terminalis -BST) but also integrative centers for sensory information (Claustrum -CLA and EP). Cortical hubs included frontal areas; namely, insula (AI), piriform (PIR) cortex and orbito-frontal cortex (ORB), but also primary motor (MOp). The key player of the default mode network -the retrosplenial cortex (RSP) -was one of the C57BL/6N FC hubs.
The "hubness" patterns in the BALB/6J mice was dominated by cortical areas (see Fig. 4 -F), including associative (TEa) and sensory areas (visual -VIS, auditory -AUD, PIR). A marked difference when compared to the C57BL/6N was the absence of striatal/reward-related regions among the identified relay centers of the FC (i.e.
ACB, CP).
Direct inter-group comparison of the global FC matrices identified the brain areas with divergent patterns of connectivity ( Fig. 4-G, H) . ACB showed highest number of different connections (see color coding -magenta). However, when normalized for the strength of the connectivity difference with other nodes, dorsal hippocampus emerged as the most dissimilar area in terms of FC ( Fig. 4 -H -and 4-G -size of the nodes). Furthermore, our global analysis suggested strain variations in the DMN features, as two of the main DMN nodes (ACA and RSP) appeared among the nodes with variant FC (Fig. 4-H) . Several sensory processing areas (VIS, PIR, EP)
as well as MO suggest also strain specific connectivity patterns.
Most of the areas indicated as divergent in the graph resting state network analysis (Fig. 4-G and H) were also highlighted in the inter-strain comparison of the structural data (i.e FA voxel vise analysis from Fig.2) . Therefore, the next group level seed analysis of FC was guided both by the structural results and the brain-wide graph theoretical resting state results.
Inter-hemispherical FC
Given the structural differences observed at callosal level in between the two strains, we first evaluated the inter-hemispherical FC, largely mediated through cc connections. The connectivity between the right and left hemispheric SS and MO cortical areas were therefore investigated. We selected successively right and leftlateral SS (SSr and SSl) as seed regions for mapping their connectivity patterns across the whole brain; subsequently, group comparisons were performed (two-sample ttests, p<0.05, FDR cluster corrected). Despite the group differences observed at the level of gcc and scc after group comparison for structural FD and FA maps, the FC of the SS cortices with the same anatomical areas of the contralateral hemisphere (homotopic areas) does not show statistically significant inter-group differences (Fig.   5-A and B) . Interestingly, the results indicate greater synchrony of the BOLD signal ipsilaterally, within the cortical areas of the same hemisphere for the BALB/cJ mice ( Fig. 5-A and B, blue areas) . The feature was reproducible for both right and left SS seeds. SS cortex also showed stronger correlation with RSP and VIS area in C57BL/6N strain ( Fig. 5-A, red areas) .
Inter-group statistical analysis carried-out for MO areas -right (MOr) -and left (MOl), indicated more complex differences of FC. First reproducible feature for both right and left MO was the stronger FC connectivity with frontal cortical areas (ACA but also within rostral MO -ipsilateral and contralateral to the seed) and frontal subcortical areas (including ACB, CP, BST) in C57BL/6N. However -along the rostro-medial-caudal axis, the medial brain regions -MO (right and left) displayed higher intra-and inter-hemispherical synchrony of the BOLD resting state signal in the BALB/cJ group (Fig. 6, blue patterns) , notably within the sensory-motor cortex (SS and MO).
DMN patterns in C57BL/6N and BALB/cJ strains
The significant strain-specific features measured with structural MRI (Figs. 2   and 3) in the frontal brain areas including ACA -that is part of DMN-and along frontal part of cg bundle (Fig. 2-A) suggested that DMN patterns might also have strain-specific characteristics. Therefore, we probed the topological patterns of DMN using seed analysis. ACA and RSP were previously described as the key DMN nodes in rodents, showing synchronous rs-fMRI activity. We used the RSP as seed and mapped the spatial extent of DMN network, shown comparatively in Figure 7 
Functional connectivity of the reward/aversion centers
We next performed fine-grain connectivity mapping of ACB and hc using seed analysis and carried-out inter-group statistical analysis (Fig. 8-A and B) . These two areas are among key nodes of the limbic and/or reward-aversion system. This choice was motivated by reported behavioral results in the two strains, indicating different sociability and anxiety-related behaviors, possibly reflecting strain-specific patterns of the limbic FC. FC modifications of the limbic subcortical areas may emerge as well on the basis of the structural differences observed in the striatum (i.e greater FA and FD along C57BL/6N striatal-cortical pathways - Fig. 2-A) or dhc (Fig.   2-A and B) , as shown in our study. Additionally, graph-based network analysis identified dhc and ACB as major nodes with divergent FC features in the two experimental groups (Fig. 4-G and H) . Seed correlation approach -in agreement with FA increase along striato-cortical pathways in C57BL/6N mice -revealed better rs-fMRI signal synchrony between ACB and frontal cortex, encompassing ORB, ACA and MO in this strain ( Fig. 8-A) , but also more caudally with RSP. Subcortically, ACB showed locally stronger FC with other centers of the reward circuitry, notably CP and ventral tegmental areas VTA (Fig. 8-A) for C57BL/6N strain. Seed-based cartography of the hc network showed a better synchrony of the hc rs-fMRI signal with medial ACA, AI, SS, TEa as well as RSP in C57BL/6N brains, while better correlating with TH nuclei in BALB/cJ strain ( Fig. 8-B ).
Directional communication analysis among key nodes of the reward/aversion network
To investigate the direction of information flow between pairs of nodes of the reward-aversion circuitry we conducted pairwise Granger Causality analysis. We constructed a network by selecting six relevant regions showing group differences in structural or seed-based FC analysis: ACB, hc, CP, ACA, amygdala (AMY) and VTA ( Fig. 9-A) . These regions are core players of the reward circuitry and known to be involved in regulating -among others-the affective/social behaviors. For each set of ROIs, we computed pairwise Granger Causality extracting bidirectional information between pairs of nodes ( Fig. 9-B and D) and established dominant directionality (p<0.05; FDR corrected). Overall, the information flow directionality was similar in both groups with the exception of the ACA. This node was found to be dominantly receiving information from hc, AMY and CP only in C57BL/6N group and sending information towards ACB only in BALB/cJ strain; clearly providing evidence of group directional information differences in ACA region ( Fig. 9 -C and E). Indeed, these findings again highlight the strain-specific communication patterns of ACA region, in accordance with seed-based FC analysis and microstructural and morphological (DTI and VBM) results.
Discussion
In the recent years, huge effort has been dedicated for the characterization of the mouse brain connectome -at micro and mesoscale (Bardella et al., 2016; Grandjean et al., 2017; Grange, 2018; Ingalhalikar et al., 2014; Knox et al., 2018; Oh et al., 2014; Pervolaraki et al., 2019) , as this species remains the principal animal model used in neuroscience research. Most of these studies were carried-out in the C57BL/6 strain, which remains the primary "genetic background" for modelling of human disease. However, C57BL/6 has many behavioral characteristics that make it useful for some work and inappropriate for others (Clipperton-Allen et al., 2015; Fairless et al., 2013; Fontaine and Davis, 2016; Ohl et al., 2001; Pilz et al., 2015; Sankoorikal et al., 2006; Yoshida et al., 2016) . Therefore, the uncovering the large-scale brain circuitry configurations in a strain-specific manner represents a first step towards a better understanding of modifications in brain networks under the influence of various genetic factors, pharmacological interventions and pathological conditions. In this study, we systematically characterized the brain morphological patterns along with the structural and functional connectivity profiles of two commonly used mouse strains, C57BL/6N and BALB/cJ, via non-invasive in vivo MRI techniques. We show brain-wide morphological and functional differences encompassing cortical and subcortical structures as well as WM tracts. We further provide exemplary highresolution fiber tractography maps demonstrating the inter-individual variability across inter-hemispherical callosal pathways in the BALB/cJ strain.
Strain specific morphological and structural brain connectivity patterns
Multiple previous histological and MRI studies captured the impact of genetic variability on the morphology of the brain (Fairless et al., , 2008 Fontaine and Davis, 2016; Kim et al., 2012; Kumar et al., 2012; Zhang et al., 2015) . Mice on different genetic backgrounds have stable yet distinct behavioral phenotypes that may lead to unique gene-strain interactions on brain structure. One classical example is observed with Fragile X Mental Retardation 1 knock-out (FMR1-KO) mice in which Fragile X Syndrome and related phenotypic manifestations of autism spectrum disorder (ASD) are induced. Indeed, while FMR1-KO in C57BL/6 strain show very few differences in brain morphology compared to wild-type mice (Ellegood et al., 2010) FMR1-KO mice on an FVB background displayed multiple neuroanatomical differences, including modifications of major white matter structures throughout the brain and changes in areas associated with fronto-striatal circuitry (Lai et al., 2016) . White matter changes, including prominent reduction of callosal fibers are also reported with BTBR mouse, another ASD mouse model (Dodero et al., 2013; Ellegood et al., 2013; McFarlane et al., 2008; Miller et al., 2013) In our study, we produced highly resolved fiber maps that depict striking inter-individual differences along callosal commissure in the BALB/cJ female mice, with significant inter-hemispherical under-connectivity in the rostral and caudal cc in some individuals. These in vivo brain tractograms are in agreement with previous histological Moy et al., 2007; Wahlsten, 1974) and diffusion MRI findings in BALB/cJ males Kumar et al., 2012) that reported variability in the size of cc, including the complete absence, in 30-40% of this strain (Wahlsten, 1974) . This variability was suggested to be possibly due to a variable delay in formation of an interhemispheric bridge of tissue in the dorsal septal region during prenatal development (Wahlsten, 1974) . In some ASD relevant rodent models, this callosal underconnectivity normalizes overtime (Frazier et al., 2012) , especially in the rostral regions of the cc -suggesting developmental trajectories that might influence behavioral outcome overtime. The BALB/cJ inbred strain was long been discussed as relevant for certain aspects of ASD (Brodkin, 2007) ,
showing low sociability, high anxiety and aggressive behaviors. However, compared to C57BL/6J mice, only juvenile BALB/6J animals demonstrated lower sociability scores ) that positively correlated with mean diffusivity values along the external capsule of the WM (Kumar et al., 2012) .
Although in our study, we cannot establish a direct link between behavioral features and strain-specific brain structural modifications, we provide a refined, high resolution evidence about fiber density and tissue anisotropy dissimilarities at the level of callosal structures (gcc, mcc and scc) and alongside other WM bundles (fi, fx, cg) in female C57BL/6N and BALB/cJ mice. GM regions, likewise, showed distinct microstructural patterns in the two mice populations, prominent differences appearing in frontal cortices (ORB, IL, PL, ACA); along the fronto-striatal pathways (within CP) and within thalamic and caudal midbrain nuclei, including dopaminergic VTA and substantia nigra areas. For all these areas BALB/cJ mice show lower fiber densities and FA. Changes in fronto-striatal circuitry have been often implicated in the fragile X syndrome (FXS) with autistic-like features Thompson, 2013a, 2013b) as well as other brain disorders (Qiu et al., 2011; Shepherd, 2013) , including attention deficit disorders. In FXS patients, the lack of response inhibition and conscious regulation of anxiety are among the phenotypes that relate to the functions of these regions (Bonelli and Cummings, 2007; Eagle et al., 2008; Fox et al., 2010) , so it might be relevant that fronto-striatal fiber pathways are less dense in BALB/cJ animals, that are known to show high anxiety levels.
Furthermore, we observed large volumetric variations between two strains in the prefrontal, rostral MO, SS and temporal association cortices along with septal, hc and TH areas displaying bigger volumes in C57BL/6N. Intriguingly, mcc region was found to be larger in BALB/cJ; perhaps compensating for shorter rostro-caudal cc length to ensure unperturbed inter-hemispherical information transfer. In an ex-vivo study comparing several mouse strains (Ellegood et al., 2015) for brain morphometry, BALB/cJ mice were found to have smaller frontal and parietotemporal lobes, similar to our findings. Such regional brain volume changes were correlated with functional impairments in ASD patients. For example, changes in superior and medial prefrontal gyri volumes correlate with cognitive outcomes in spatial relations and verbal fluency scores in ASD adolescents (Bray et al., 2011) . In addition, larger CP volumes-as seen in BALB/cJ mice -is a recurrent finding in ASD patients and are associated with repetitive behaviors and cognitive deficits .
From structure to function: divergent functional connectivity in C57BL/6N and BALB/cJ mice
To discover whether differences in the brain structural scaffolding of the two strains also give rise to functional variations, we first performed a global assessment of the topological features of the rs-fMRI FC in both strains via graph analysis. The "brain hubs" -a set of highly connected regions serving as integrators of distributed neuronal activity were defined for each strain. These FC nodes have an integrative role and are therefore susceptible points to dysfunction in brain disorders. Strain differences in cerebral network "hubness" may impose strain-specific regional dominance in processing of the functional information. The circuitry vulnerability to stressors might be divergent, as well as the circuitry response in terms of maladaptations or compensatory remodeling.
Based on the anatomical selections of the FC network nodes, our analysis revealed that the dominant players in the C57BL/6N strain were subcortical forebrain limbic areas, including endopiriform nucleus, claustrum, along with centers controlling reward and motivation (ACB, CP, dhc, PALv). The endopiriform nuclei as well as claustrum are intriguing brain structures, featuring the highest connectivity per regional volume in the brain. Their connectivity patterns were dissimilar, both in structural and functional analysis. Enclosed between the striatum and the insular cortex, with widespread reciprocal connections with the sensory modalities and prefrontal cortices, these nuclei seem to perform functions in processing limbic and sensorimotor information (Watson et al., 2017) . The "hubness"
in BALB/cJ strain is dominated by cortical areas with associative and sensory valence (Tea, VIS, AUD, PERI, PTLp, PIR) but also includes aversive centers, such as amygdala (BLA/BMA).
In both strains, the RSP seem to appear as a hub, emphasizing the importance of this DMN node in the FC of the mouse brain. Inter-group comparison highlighted FC differences in brain areas showing variations in either the FA or FD maps or the morphometry measures. Dhc, the most different node in terms of FC showed higher FA and FD values, but also bigger volumes in the C57BL/6N strain. This is coherent with previous studies (de Sá-Calçada et al., 2015) that found smaller dendritic lengths and fewer ramifications in dentate granular neurons of BALB/cJ hippocampus compared to C57BL/6 strain. Differences in the hippocampal functioning and contextual memory formation in between the two strains were among the earliest demonstrated features (Chen et al., 1996) as hippocampal lesions impact less on contextual fear conditioning in BALB/c mice than C57BL/6 animals.
In another study hippocampus related cognitive deficits -poor learning and memory performance in both the open field and passive avoidance inhibitory tasks -were assessed in stressed BALB/c, but not C57Bl/6 mice (Palumbo et al., 2010) . This feature can be also mediated by distinct FC between dhc and frontal cortex (including ACA) and more dominant flow of information passing from the dhc to the ACA in C57Bl/6N strain. Previous studies demonstrated a role for the ACA-dhc pathway in recall of remote memory and its involvement in attention in both novel situations as well as during performance of well-learned tasks (Weible, 2013) .
We further examined if inter-hemispherical FC of homotopic cortical areas, known to be largely mediated by callosal commissure show strain-specific features.
FC between SS and MO homotopic areas did not show clearly a stronger interhemispherical connectivity in the C57BL/6N mice, as one might expect on the basis of the structural findings. Rather, a very specific pattern of FC differences was observed, along the rostro-caudal axis. For SS cortex, ipsilateral connectivity was stronger in the BALB/cJ mice, displaying a greater intra-hemispherical synchrony of the BOLD rs-fMRI signal. These results could be reproduced for the MO cortex in the medial brain areas, where better inter-hemispherical FC was also noticed for BALB/cJ. These results reinforced the observed higher intra cortical FD and FA values of the motor cortex in the BALB/cJ strain and bigger volume of the cc in the medial region, eventually favoring the functional brain communication locally. The pattern is reversed however in more rostral regions where seed analysis of MO cortex shows stronger intra and inter-hemispherical FC in the C57BL/6N animals.
Higher density of fibers and bigger brain volumes measured in the C57BL/6N strain for the ACA, ORB regions and along gcc, might facilitate the FC in this strain locally.
In a study comparing inter-hemispherical FC in different strains, comprising acallosal mouse strain I/LnJ, C57BL/6 and BALB/cJ (Schroeter et al., 2017) , all strains demonstrated bilateral stimulus-evoked fMRI responses to unilateral hind paw stimulation, thus ruling out minimizing the contribution of transcallosal structural communication as a reason for bilateral FC. Emergence of interhemispherical homotopic cortical as well as striato-cortical connectivity was shown to be primarily due to monosynaptic connections ; whereas, certain distributed cortical (e.g. default mode network) and subcortical networks emerge through polysynaptic connections in C57BL/6 brains. In BALB/cJ strain, compensation for inter-hemispherical cross-talk could be achieved through the thicker middle portion of cc or possibly through polysynaptic routes. In a rodent model of partial callosotomy (Zhou et al., 2014) , initial decrease in interhemispherical connectivity was reversed over time, likely due to compensation by remaining axonal pathways. In this study, similar to our findings, an increased intrahemispherical connectivity was also noted. Weaker synchrony of the BOLD rsfMRI signal within DMN was previously reported in the C57BL/6 animals (Shah et al., 2016b) , when compared to BALB/c and SJL mice. In the present work, we didn't reproduce the lower C57BL/6N functional connectivity features for DMN when compared with the BALB/cJ strain. We rather observed variance in the spatial organization of this network, with stronger corticosubcortical communication in C57BL/6N and less functionally connected ACA-RSP.
Default mode-like network
Strain-dependent impact of the medetomidine anesthesia cannot be excluded in this context and depends -among other factors -on the expression levels of alpha-2 adrenoreceptors across the brain.
Functional connectivity signatures of reward aversion pathways
Reward system has consistently been implicated in several pathologies especially ASD and mood disorders (Hägele et al., 2015; Russo and Nestler, 2013) and is relevant for the behavioral phenotypes previously described in the C57BL/6N
and BALB/c strains. For instance, BALB/c genetic background seems to favor strong response to stress conditions, show high anxiety and reduced social interaction (Anderzhanova et al., 2013; Brodkin, 2007; Moy et al., 2007; Ohl et al., 2001; Panksepp and Lahvis, 2007) . Such phenotypes might stem from vulnerability of specific connectional pathways between key nodes of the reward-aversion system in which ACB is one of the major players. Our results thus demonstrated large patterns of stronger ACB FC in the C57BL/6N mice, including reinforced ACB -VTA dopaminergic pathways and stronger ACB -prefrontal cortical subcortical septal regions.
Activity dynamics of VTA -ACB projection encodes and predicts key features of social interaction in mice. Optogenetic control of cells specifically contributing to this projection is sufficient to modulate social behavior, mediated by dopamine receptor type 1 signaling downstream from VTA to ACB (Gunaydin et al., 2014) .
Weaker ACB-VTA communication might therefore form the neural substrate of the social reward deficiency previously described in the BALB/c mice. Similarly, differences of directional connectivity of the frontal cingulate (ACA) and striatal limbic network (CP, ACB and AMY) could account for behavioral differences in rewarding effects of addictive substances such as cocaine (Belzung and Barreau, 2000; Crawley et al., 1997) . In light of distinct FC patterns we observed in the BALB/cJ mice, it could be argued that specific functioning of reward system determines the atypical behavioral phenotype in this strain.
Conclusion
Taken together, our findings demonstrate distinct structural and functional brain architectures in two frequently used mouse strains: C57BL/6N and BALB/cJ.
In particular, BALB/cJ strain was characterized by marked intra-strain variability;
thus, this variability should be taken into account while interpreting results from studies using BALB/cJ. C57BL/6N and BALB/cJ further show divergent brain wide FC diagrams; an essential aspect to be considered in experimental disease models that would also reflect inherent strain differences. 
